Abstract. Millimeter wave (MW) is an electromagnetic wave with a wavelength between 1 and 10 mm and a frequency of 30-300 GHz that causes multiple biological effects, both locally and globally. MW has been widely used in clinical medicine. Although our previous work demonstrated that MW is capable of inhibiting sodium nitroprussiate (SNP)-induced apoptosis in chondrocytes, the precise mechanism of the antiapoptotic activity remains to be elucidated. The purpose of this study was to investigate the effects of MW in SNP-induced apoptotic chondrocytes. Sprague Dawley rat chondrocytes were isolated and cultured, and the cells were counted. Cell viability was evaluated using MTT assay. Cells were then treated with SNP and MW, and flow cytometry was used to detect apoptosis. Our results showed that MW treatment inhibited a SNP-induced mitochondrion-dependent pathway of apoptosis. MW treatment inhibited the loss of plasma membrane asymmetry (externalization of phosphatidylserine), collapse of mitochondrial membrane potential, and activation of caspase-9 and caspase-3. Taken together, the results indicate that MW inhibits the mitochondrion-dependent pathway of apoptosis in chondrocytes and this may, in part, explain its clinical effect in the treatment of osteoarthritis.
Introduction
Osteoarthritis (OA) is characterized by a basic pathology of cartilage degeneration caused by the mutual effect of mechanical and biological factors. Cartilage is composed of chondrocytes that produce a large amount of extracellular matrix (ECM) including type II collagen fibers. Chondrocytes rapidly respond to changes in the joint microenvironment and regulate the dynamic equilibrium between the degradation and synthesis of the ECM, which is crucial to the maintenance of cartilage function. Therefore, the functional changes of chondrocytes play significant roles by contributing to the degeneration of joint cartilage and thus the pathogenesis of OA.
Previous studies have shown that chondrocyte apoptosis is the vital mechanism of the degradation of cartilage (1, 2) . Apoptosis is triggered either by intrinsic stimuli, such as cytokine deprivation and DNA damage, or by extrinsic stimuli, such as death ligand-receptor engagement. Both intrinsic and extrinsic signals eventually lead to the activation of cysteine-dependent aspartate-directed proteases (caspases) and nucleases, resulting in cell (3, 4) . The best understood intrinsic apoptotic pathway is centered at the mitochondria. This apoptotic pathway, therefore, is referred to as mitochondrion-dependent apoptosis. It is the most common apoptotic pathway in vertebrate animal cells. A key commitment step in the induction of mitochondrion-dependent apoptosis is mitochondrial outer membrane permeabilization (MOMP), accompanied by the collapse of electrochemical gradient across the mitochondrial membrane. This event leads to the release of pro-apoptotic proteins, such as cytochrome c, which in turn trigger the activation of the caspase cascade (5) (6) (7) (8) (9) .
A millimeter wave (MW) is an electromagnetic wave with a wavelength between 1 and 10 mm and a frequency of 30-300 GHz. Organisms produce coherent oscillations at 0.5x10 10 to 3x10 12 during metabolism similar to the frequency of MW. Therefore, the energy of MW can be absorbed by the organism through resonance. In turn, the energy may interfere with signal transduction and affect metabolism (10) (11) (12) (13) . MW has been shown to evoke multiple biological effects and is beneficial in the treatment of OA. Recently, we reported that MW inhibited sodium nitroprussiate (SNP)-induced apoptosis of chondrocytes (14) . To further explore MW as a potential therapeutic agent in OA, the effect of MW on the mitochondrion-dependent apoptotic pathway in chondrocytes was investigated. Isolation and culture of rat chondrocytes. Rat chondrocytes were isolated and cultured as previously described (14) . The cells used in these experiments were counted with a hemocytometer and adjusted to 10 4 -10 6 cells/ml. 5 mg/ml in phosphate-buffered saline (PBS)] were added to each well and the samples were incubated for an additional 4 h at 37˚C. The purple-blue MTT formazan precipitate was dissolved in 100 µl DMSO. The absorbance was measured at 490 nm using an Elx808™ absorbance microplate reader (BioTek Instruments, Inc., VT, USA). The relative cell viability was expressed as the ratio (%) of the absorbance in the experimental wells to that of the control wells (normal culture without treatment). Following this, the IC50 value (cytotoxic concentration for 50% cell death) was determined from the dose-response curve.
Materials and methods

Reagents
MW stimulation. A KFA-100A MW therapeutic instrument (incidence power density: 4 mw/cm 2 ; wavelength coverage: 7.5 -10.0 mm) was manufactured by Beijing Zhongcheng KangFu Technology Co., Ltd. (Beijing, China). As shown in Fig. 1 , the detecting head of the instrument (radiation source) was positioned 30 mm above the cells (cultured in MW treatment group), which ensured that the cells were within the radiation area of 33.2±3x45.6±4 mm.
Cell treatment. P2 chondrocytes were digested with 0.25% trypsin and incubated in 25 ml culture flasks at a density of 1x10 5 cells/ml in 5 ml of medium and in 6-well plates at a density of 1x10 5 cells/ml in 2 ml of medium for 24 h. Cells were subsequently divided into 4 groups: control group (normal culture without treatment); 1 mM SNP group (treatment with 1 mM SNP and no MW signal); 1 mM SNP + MW 30 group (treatment with 1 mM SNP and MW signal for 30 min on 3 consecutive days); and 1 mM SNP + MW 60 group (treatment with 1 mM SNP and MW signal for 60 min on 3 consecutive days).
Detection of apoptosis by flow cytometry with Annexin V/PI
staining. Following treatment with SNP and MW, apoptosis of chondrocytes was determined by flow cytometry (FCM) using a fluorescence-activated cell sorting (FACS) caliber (FACSCalibur, Becton-Dickinson) and the Annexin V-FITC apoptosis detection kit II. Staining was performed according to the manufacturer's instructions and as we previously described (16) . The percentage of cells in early apoptosis was calculated by Annexin V-positivity and propidium idodide (PI)-negativity, while the percentage of cells in late apoptosis was calculated by Annexin V-positivity and PI-positivity.
Measurement of mitochondrial membrane potential (ΔΨ)
using flow cytometry with JC-1 staining. To evaluate for the loss of mitochondrial membrane potential, a hallmark of apoptosis, cells were stained with the fluorescent dye JC-1. In this experiment, 1x10 6 treated chondrocytes were resuspended after trypsinization in 0.5 ml of medium and incubated with 10 µg/ml of JC-1 at 37˚C, 5% CO 2 , for 15 min. Red and green fluorescence emissions were analyzed by flow cytometry.
Analysis of cytochrome c staining by flow cytometry.
After treatment with SNP and MW for 24 h, cytochrome c release was determined by flow cytometry using the InnoCyte™ flow cytometric cytochrome c release kit. Cytochrome c staining Analysis of caspase activation. The activity of caspase-9 and caspase-3 were determined with a colorimetric assay using a colorimetric protease assay, following the manufacturer's instructions and our previous description (16) . Briefly, after treatment with SNP or MW for 24 h, chondrocytes were lysed with lysis buffer for 10 min on ice according to the manufacturer's instructions. The lysed cells were centrifuged at 10,000 x g for 10 min. An aliquot (100 µg) of the protein was incubated with 50 µl of the colorimetric tetrapeptides, LeuGlu-His-Asp (LEHD)-pNA (specific substrate of caspase-9) or Asp-Glue-Val-Asp (DEVD)-pNA (specific substrate of caspase-3) at 37˚C in the dark for 2 h. Samples were read at 405 nm in an absorbance microplate reader (Elx808, BioTek Instruments, Inc.). The data were normalized to the activity of the caspases in control cells and represented as 'fold of control'.
Statistical analysis. Data are the means of three determinations. Data were analyzed using the SPSS package for Windows (version 13.0). Statistical analysis of the data was performed with the Student's t-test and ANOVA. Differences with P<0.05 were considered to be statistically significant.
Results
Effect of MW on the SNP-induced apoptosis of chondrocytes.
We used SNP, a nitric oxide (NO) donor, to induce NOmediated apoptosis in chondrocytes (17) . To optimize our experimental conditions, we evaluated the effect of different amounts of SNP on chondrocyte survival. As shown in Fig. 2 , SNP decreased the viability of chondrocytes in a time-and dose-dependent manner. The concentration for 50% inhibition (IC50) of cell viability was 1.145±0.073 and 0.566±0.061 mM for 24 and 48 h, respectively. Therefore, 1 mM SNP and 24 h were used as the inducing concentration and time factors in the subsequent experiments. Chondrocyte apoptosis was determined using Annexin-V/PI staining followed by FCM analysis. In this assay, the Annexin V/PI double-negative population (labeled as LL quadrant, Fig. 3 ) indicates viable cells; Annexin V-positive/PI-negative or Annexin V/PI double-positive population (labeled as LR or UR, Fig. 3 ) are cells undergoing early or late apoptosis, respectively. As shown in Fig. 3A 
Effect of MW on the release of cytochrome c.
To determine the effect of MW treatment on the release of cytochrome c from the mitochondria, a FCM assay was used based on the selective permeabilization of the cell membrane while leaving the mitochondrial membrane intact. In this assay, viable cells exhibit staining of cytochrome c, whereas cells committed to the apoptotic process do not stain since they release cytochrome c from the mitochondria to the cytosol and, subsequently, out of the permeabilized cell. As shown in 
Effect of MW on the activation of caspase-9 and caspase-3.
To identify the downstream effectors in the apoptotic signaling pathway, the activation of caspases-9 and caspases-3
were examined by a colorimetric assay using specific chromophores, LEHD-pNA (specific substrate of caspase-9) and DEVD-pNA (specific substrate of caspase-3). As shown in Figs. 6-7, MW treatment significantly and dose-dependently inhibited activation of caspase-9 and caspase-3 in P2 chondrocytes (P<0.01, vs. untreated control cells).
Discussion
Osteoarthritis (OA), the most common age-related cartilage and joint disorder (18) , is a slowly progressive degenerative disease characterized by degradation of the extracellular matrix and cell death resulting in a gradual loss of articular cartilage integrity (19, 20) . The only cell type present in mature cartilage is the chondrocyte. This cell type is responsible for repairing damaged cartilage tissue. We previously demonstrated that chondrocytes are obtained by mechanical and chemical isolation methods and that the purity of the isolated chondrocytes is high (14, 21) . This process provides allowed for the investigation of the effect of MW on chondrocyte apoptosis. NO is a crucial physiological and pathological signaling molecule. It can be produced by inflammatory stimuli, nitroso compounds, and exogenous donors such as SNP. NO inhibits the proliferation of chondrocytes and induces chondrocyte apoptosis. Thus, NO induces cartilage damage and impairs cartilage repair (17) . To develop a model in which to study the effect of MW treatment on chondrocyte apoptosis, we investigated the dose-and time-effect relationship of SNP on the induction of chondrocyte apoptosis. We observed that SNP decreased the viability of P2 chondrocytes in a dose-and time-dependent manner. Based on these results, we selected the dose of 1 mM SNP and the time point of 24 h to complete the described studies.
The loss of plasma membrane asymmetry is one of the morphologic characteristics of the apoptotic program. In apoptotic cells, the membrane phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the plasma membrane, thereby exposing PS to the external cell environment. Annexin V is a 35-36 kDa Ca 2+ -dependent phospholipid-binding protein that has a high affinity for PS. Annexin V binds to cells with exposed PS. Therefore, we used flow cytometry with annexin-V staining to examine the effect of MW on the apoptosis of chondrocytes. We observed that 1 mM SNP induced apoptosis after 24 h of exposure (Fig. 2) , confirming the feasibility of using SNP-induced apoptosis of chondrocytes to study the effect of MW treatment. Using this cell culture model and assay, MW was found to inhibit SNP-induced apoptosis ( Fig. 3A and B) . Moreover, a dose-dependent effect was evident as longer exposure to the MW signal had a greater effect in the inhibition of apoptosis (P<0.05).
The loss of mitochondrial membrane potential (Δψ) is a hallmark of apoptosis. It is an early event preceding phosphatidylserine externalization and coincides with caspase activation (22, 23) . We used a JC-1 dye-based assay to evaluate mitochondrial membrane potential. In healthy cells, the dye stains the mitochondria fluorescent red (24) . The negative charge established by the intact mitochondrial membrane potential allows this lipophilic dye, bearing a delocalized positive charge, to enter the mitochondrial matrix where it accumulates. When the critical concentration is exceeded, Figure 6 . Effect of MW on the activity of caspase-9 in chondrocytes. Cells were treated with or without 1 mM SNP or MW for 24 h. Caspase-9 activity was determined by a colorimetric assay. The data was normalized to the caspase activities within control untreated cells and represented as 'fold of control'. Data are the mean ± SD from at least three independent experiments. In the present study, SNP was found to induce mitochondrial membrane depolarization indicative of apoptosis in chondrocytes and MW treatment inhibits this effect in a dose-dependent manner. The mitochondrion-dependent pathway is the most common apoptotic pathway in vertebrate animal cells. Mitochondrial outer membrane permeabilization (MOMP) accompanied by the collapse of electrochemical gradient across the mitochondrial membrane is a key commitment step in the induction of mitochondrion-dependent apoptosis. This is the point of convergence for a large variety of intracellular apoptotic signaling pathways that eventually lead to the release of pro-apoptotic proteins from the mitochondrial intermembrane space, including cytochrome c, Smac/DIABLO, and Omi/ HtrA2. Released cytochrome c activates APAF-1, which oligomerizes to form an apoptosome. This structure, in turn, recruits and activates caspase-9. Activated caspase-9 cleaves and activates executioner caspases, such as caspase-3, and eventually results in apoptosis (22, 23, 26) . Therefore, to evaluate the effect on MW on the mitochondrion-dependent apoptosis pathway, we evaluated the release of cytochrome c and the activation of caspase-9 and caspase-3. MW treatment dose-dependently inhibited the release of cytochrome c and the activation of caspase-9 and caspase-3.
In conclusion, our data show that MW treatment is capable of inhibiting SNP-induced mitochondrion-dependent apoptosis in chondrocytes. Furthermore, we noted that this effect was dose-dependent. However, our findings are limited to the inhibitory effect of MW treatment on SNP-induced apoptosis. Thus, whether an MW can inhibit OA or the natural apoptosis of chondrocytes remains to be evaluated.
